Abstract. The studies of electrical properties of the polyisoprene (PI) matrix/high structure carbon black (HSCB) composites (PCBC) with various concentrations (8, 9, 10 and 11 mass parts) of filler have been carried out in the temperature interval of 90K-330K. In this paper we focus on the investigation of direct current (DC) conductivity in a low-temperature region with negative temperature coefficient of resistivity (NTCR). It has been proven that variable range hopping (VRH) conduction is dominated by hopping of carriers among localized states in a low-temperature range. At higher temperatures the nearest neighbour hopping (NNH) conductivity or constant range hopping charge transport takes place. The reversibility as well as small hysteresis of resistance change versus temperature indicates prospective temperature sensor application for PCBC.
I. INTRODUCTION
In recent decades, there have been an increasing number of papers devoted to the elaboration as well as investigation of polymer/conductive filler composites (PCFC) as electrically active materials for different sensor applications. The electrical resistance of PCFC is sensitive to various external force parameters [1] [2] [3] [4] [5] [6] , such as pressure, deformation, gaseous environment and temperature. The above-mentioned polymer composites promise to replace conventional rigid inorganic sensors in certain applications due to their flexibility and ease of processing. Resistivity of polymers may be tuned by the introduction of conductive filler particles. A continuous insulator-conductor transition is observed in two-component systems at a gradual increase in the number of randomly dispersed conductor particles in an insulator matrix. Most often such transitions, called percolation transitions, are described by the model of statistical percolation [7] [8] . In the vicinity of the percolation transition, the electrical conductivity σ of the composites changes under the smallest deformation of the matrix manifesting the strain. The change in the electrical resistance under strain can be explained on the microscopic level as a result of changes in the percolation structure of the network of conductive particles.
Irreversible change in the electrical resistance at deformation by stretch or pressure has been found in the case of micro-size particles of good conductors as well as low structure carbon black (LSCB) [2] [3] [4] .
New interesting properties are expected in case the composite contains dispersed nano-size conducting particles [9] [10] [11] [12] [13] . Polymer-electro-conductive nanostructure composites offer attractive alternatives for developing a new generation of flexible large-size sensors because of their superior mechanical and electrical properties.
Recently, we have reported our investigations of several distinguished sensing effects inherent to polyisoprene matrix/ high structure carbon black (HSCB) composites (PCBC) with filler concentration values adherent to the region of percolation threshold. These effects are the dependence of electrical resistance versus mechanical strain (tensile strain and compressive strain sensing [13, 14] ), as well as changes in resistance in the presence of organic solvent vapours (chemical sensing [14, 15] ).
The aim of this paper is to investigate and discuss the electric charge transport properties of the above-mentioned PCBC in the temperature range from 90 K up to 280 K. Different models for describing the temperature dependence of electric conductivity of polymer/conductive particle composites, which have been found in the scientific literature, are to be considered during discussion of our experimental results.
II. EXPERIMENTAL SECTION
The PCBC composites have been made by mixing highly structured extra-conductive HSCB Degussa Printex XE2™ and necessary curing ingredients -sulphur, stearic acid, Ncyclohexyl-2-benzothiazole sulfenamide and zinc oxide -into raw natural rubber Thick Pale Creppe™ polyisoprene matrix. In our approach this was done using cold rolls under room temperature. Samples with different HSCB concentrations (8, 9, 10, 11 mass parts (m.p.) per 100 mass parts of natural rubber) were made by vulcanizing in hot stainless steel mould. 50 μm thick brass foil mould inserts were used as electrodes. The inserts were cleaned using sandpaper and ethanol before insertion. Different vulcanization pressures were used to determine the pressure influence on the piezoresistive properties. The best piezoresistive properties were shown by the samples vulcanised at pressure of 3 Mpa. These samples were used for the electrical resistance measurements at various ambient temperatures. Flat ~1 mm thick sticks of PCBC were made. These sticks were cut into flat pieces with dimensions of 10x15 mm using a high-speed diamond disk cutter to avoid unnecessary squeezing.
A custom-made liquid nitrogen thermostat was used for making measurements of resistivity at different temperatures. The thermostat consisted of a brass cylinder, where the sample and platinum thermo-resistor were placed. The platinum resistor was used to measure temperature. Measurements were made in dry helium atmosphere. Data were collected with Agilent 34970A data logger.
III. RESULTS AND DISCUSSION
The volume resistance R of PCBC with 8, 9, 10 and 11 m.p. of HSCB was measured in the temperature range of 90 K-335 K. Many cycles of measurements of the DC electrical resistance as a function of temperature were made for each type of PCBC. In Fig. 1 , the experimental data of R(T) for PCBC with 9 m.p. of HSCB are represented. One can distinguish three temperature regions: region I (90 K-160 K); region II (230 K-270 K) and region III (280 K-335 K) with apparently different charge transport mechanisms. In this paper, we consider region I and region II (low temperature investigations). The relative resistivity / 0 as a function of temperature calculated from the experimental results is provided in Fig. 2 for all the investigated composites. It is seen that the character of the resistivity temperature dependence is the same for all samples with different HSCB concentrations. Fig. 3 shows a plot of the logarithm of electrical conductivity versus the temperature inverse for all the investigated samples. Comprehensive picture of electric charge transport properties in disordered semiconductor materials, including conductivity behaviour versus temperature, is provided by Mott [16] . He first pointed out that states in the band tails would be localized and that energies of localized and extended (non-localized) states would be separated by sharp energy E c , known as a mobility edge. For the conduction band of a nonmetal, the existence of a mobility edge means that the lowest states have become traps, and conduction normally will be provided by electrons excited to the mobility edge E c . Thus, if the Fermi level lies below the mobility edge E c , it is shown by Mott [16] that conduction may be of two kinds:
1. By thermally activated hopping of an electron in occupied state with energy below E F . Electron receives energy from a phonon, which enables it to move to a nearby state above E F . The electron always is supposed to move to the nearest empty centre [16] and the expression for conductivity is as follows:
The  is of the form 1/N(E F )a 3 , where a is the distance between the nearest neighbours. This mechanism is also known as the Nearest-Neighbour Hopping (NNH) model [16] . 2. Mott [16] first pointed out that at low temperatures the most frequent hopping process would not be to the nearest neighbour. This form of conduction is called the Variable Range Hopping (VRH). It has been observed frequently in both doped crystalline semiconductors and amorphous materials, and the temperature dependence of conductivity is given in the following form [16, 17] :
where the parameter  0 can be considered the limiting value of conductivity at infinite temperature, T 0 is the characteristic temperature that determines the thermally activated hopping among localized states at different energies and is considered a measure of disorder [17, 18] . VRH mechanism is a phononassisted charge carrier transport process.
Thus, the VRH is expected to be the adequate conductivity mechanism for temperature region I, and the NNH should be the mechanism for the temperature region II. The applicability of the VRH model is usually examined by plotting the experimental results by Equation 2 in the form of ln(T 1/2 ) = F(T -1/4 ), where they should be well fitted using linear dependence. In general, the fitting quality of the least square fitted curves provides information about the nature of the charge transport as well as indicates the dimensionality of the process. ) as a function of time inverse for PCBC with 9 mass parts of HSCB, well fitted with a linear function in temperature region I. According to Equation 2, the subsistence of VRH mechanism has been proven in region I. Fig . 4 shows the rigorous least square fitted curve by Equation 2 for PCBC with 9 m.p. of HSCB for temperature region I. Now it is clearly seen that the VRH mechanism predominates in temperature region I. On the contrary, Fig. 5 demonstrates that in higher temperature region II the (T) better fits by Equation 3, i.e., the NNH mechanism prevails in this temperature range. Thus, at higher temperatures the conductivity exhibits a thermally activated process and can be described by Equation 1. In such a way, the dominance of variable range hopping charge transport mechanism changes to the prevalence of fixed range hopping charge transport mechanism approximately at 230 K (Fig. 2) .
The VRH model has been found as the main conductivity mechanism at a lower temperature region in many studies of conductive polymer composites [17, 19, 22] . Psarras [17] used two different hopping models to explain the charge transport properties of bisphenol type epoxy resin and iron powder composites -the VRH model and the Random Free-Energy Barrier (RFEB) model (also referred as the symmetric hopping model) proposed by Dyre [20, 21] .
Saravanan et al. [19] pointed out that the VRH mechanism could be used in case of tetrameric cobalt phthalocyanine and polyaniline composites. Elimat et al. [22] also found a good agreement of experimental data with the VRH model for poly(methyl methacrylate)/carbon black composites.
IV. CONCLUSIONS
The electrical conductivity of PCBC has been investigated. It has been found out that within the temperature range of 90 K to 280 K there are two mechanisms of conduction involved. One can distinguish two temperature regions: region I (90 K-160 K) and region II (230 K-280 K) with apparently different charge transport mechanisms. For region I, the most appropriate charge transport mechanism is believed to be Variable Range Hopping. It has been considered that the Nearest Neighbour Hopping or constant range hopping charge transport is dominant during temperature region II. This is also proven by analysing different activation energies for temperature regions I and II. The reversibility as well as small hysteresis of resistance change versus temperature indicates prospective temperature sensor application for PCBC. 
